METHODS. Primate choroid endothelial cells (CECs) received treatment of 0 to 100 lM E3330 alone or cotreatment of E3330 and 500 lg/mL anti-VEGF antibody bevacizumab. Choroid endothelial cell angiogenic function was examined by cell proliferation, migration, and tube formation assays. The effects of E3330 on NF-jB and STAT3 signaling pathways were determined by reporter gene assay, Western blot, and ELISA. Laser-induced CNV mouse model was used to test the effects of E3330 in vivo. Potential toxicity of E3330 was evaluated by TUNEL assay.
N eovascular AMD, also known as wet AMD, affects 1.2 million people in the United States. 1 It is characterized by the growth of choroidal neovascularization (CNV) through Bruch's membrane and into subretinal space in the macular area, and subsequent damage of central vision. Currently, the main treatment of CNV is intravitreal injection of VEGF antagonists, such as bevacizumab and ranibizumab. 2 Yet, these drugs also are known for their limited indications and insufficient efficacy. [3] [4] [5] Although VEGF is a key regulator of neovascularization, solely targeting of VEGF is often not sufficient to counter the complex etiology of CNV. 6, 7 In addition to VEGF's role in endothelial mitogenesis and vascular hyperpermeability, other molecules, such as nuclear factor-jB (NF-jB) [8] [9] [10] and signal transducer and activator of transcription 3 (STAT3), 11, 12 as well as their downstream inflammatory cytokines, also are known to be profoundly involved in pathological neovascularization. Therefore, research efforts on developing novel agents targeting different molecules is ongoing to improve antiangiogenic effect for CNV treatment.
Studies in the past decade have revealed that the reductionoxidation (redox) regulatory activity of apurinic endonuclease 1/redox factor-1 (APE1/Ref-1, here referred to as APE1) is a potential target for anti-angiogenesis therapy, including retinal neovascularization. [13] [14] [15] [16] [17] APE1/Ref-1 is named for its dual function as an AP-endonuclease in DNA base excision repair pathway and a reductive activator in transcriptional regulation. [17] [18] [19] [20] [21] [22] It has been shown that APE1 redox function regulates a number of transcription factors, notably activator protein 1 (AP-1), [23] [24] [25] NF-jB, 23, [25] [26] [27] hypoxia-inducible factor 1 (HIF-1), 15, 17, 27, 28 and p53. 27, 29 By reducing certain conserved cysteine residues in these proteins, 14 APE1 stimulates DNAbinding activity of these transcription factors and participates in a wide spectrum of cellular function, including inflammation and neovascularization. Specific inhibition of APE1 redox function can be achieved by using a small molecule inhibitor, E3330. 15, 17, [30] [31] [32] [33] [34] We have reported that E3330 significantly suppressed in vitro angiogenesis of retinal vascular endothelial cells (RVEC) and reduced subretinal neovascularization (SNV) in a very-low-density lipoprotein receptor knockout (vldlr-/-) mutant mouse. 13, 35, 36 However, it is not known whether APE1 redox function also regulates choroidal endothelial cell (CEC) angiogenesis.
In this study, we demonstrated for the first time that specific inhibition of APE1 redox activity with E3330 significantly Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 suppressed CEC angiogenesis in vitro, and laser-induced CNV development in mouse eyes without causing any tissue toxicity. These data indicate that specific inhibition of APE1 redox function may serve as a promising novel strategy for alternative or complementary treatment for CNV.
MATERIALS AND METHODS

Cell Culture and Reagents
Choroid-retinal endothelial cell line (RF/6A) from rhesus macaque and human adult retinal pigment epithelium cell line (ARPE-19) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA), and cultured according to ATCC instructions. Primary human RVECs were purchased from Cell Systems (ACBRI 181; Cell Systems, Kirkland, WA, USA) and grown in an endothelial cell growth medium (EGM-2 Bulletkit; Lonza, Inc., Allendale, NJ, USA). The E3330 ([2E]-3-[5-2,3-dimethoxy-6-methyl-1,4-benzoquinoyl]-2-nonyl-2-propenoic acid) was first dissolved in dimethylsulfoxide (DMSO; SigmaAldrich Co., St. Louis, MO, USA) at a concentration of 20 mM before adding to the culture medium at final concentrations of 10 to 120 lM. The final concentration of DMSO in medium of all treated groups did not exceed 0.01% (vol/vol). A vehicle control with matched concentration of DMSO without E3330 was routinely included in each experiment.
Cell Proliferation Assay
CellTiter 96 AQueous One Solution Reagent (Promega Corp., Madison, WI, USA) was applied according to the manufacturer's instructions. Choroidal endothelial cells were treated with 25 to approximately 100 lM E3330 alone or in combination with 500 lg/mL bevacizumab (Avastin; Genentech, San Francisco, CA, USA) for 24 hours. The treated CECs were then immediately incubated with the reagent for 2 hours. The absorbance value at 490 nm was measured by a microplate reader (SpectraMax M2e; Molecular Devices LLC, Sunnyvale, CA, USA).
In Vitro TUNEL Assay
Choroidal endothelial cells treated with 25, 50, and 100 lM E3330 for 24 hours were stained using an In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, USA) following the manufacture's protocol. A DNase I-treated group was included as a positive control. The positively stained cells were counted under a fluorescence microscope (Leica DM IRB; Leica Microsystem, Inc., Bannockburn, IL, USA). The percentage of positively stained cells over the total cell number in each group was calculated.
Cell Migration Assay
Choroidal endothelial cell migration was assessed using a modified Boyden chamber method according to the Klemke et al. report. 37 Briefly, CECs at 5000 cells per well were seeded into the upper chamber of Matrigel (BD Bioscience, Bedford, MA, USA) precoated Transwell inserts (Transwell, 8.0 lm pore size, 6.5-mm membrane diameter; Corning, Acton, MA, USA). Basic FGF (Genentech, San Francisco, CA, USA) at 10 ng/mL was added to the lower chamber medium as a chemoattractant to induce baseline migration. After being treated with 25 to 100 lM E3330 alone or cotreated with E3330 and 500 lg/mL bevacizumab for 16 hours, CECs were labeled with cell tracker (CellTracker Green BODIPY; Life Technologies, Grand Island, NY, USA) and counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Un-migrated cells that remained on the upper surface of the Transwell membrane were scraped off with a cotton swab. Migrated cells attached to the lower surface of the Transwell membrane were counted under an inverted fluorescence microscopy.
In Vitro Matrigel Tube Formation Assay
After administration of 25 to 100 lM E3330 alone or in combination with 500 lg/mL bevacizumab for 24 hours, CECs were re-suspended and transferred to Matrigel precoated 96-well plates at 5000 cells per well. After 6 hours of incubation to allow tube formation, the capillary-like tube structure formed by CECs in each well was captured with a digital camera (Spot RT-KE; Diagnostic Instruments, Inc., Sterling Heights, MI, USA) and quantified with ImageJ software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) by measuring the total tube length.
Luciferase Reporter Gene Assay
The DNA-binding activity of NF-jB and STAT3 was analyzed by Cignal luciferase reporter kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Briefly, CECs were first treated with 0, 10, and 20 lM of E3330 for 24 hours and then transfected with inducible firefly luciferase (Fluc) reporter vector and constitutive Renilla luciferase (Rluc) construct for 24 hours. Fluc and Rluc expression in each sample was detected using the Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) on a luminometer (Molecular Devices, LLC, Sunnyvale, CA, USA). The transcription activities, as indicated by Fluc reading, were normalized to Rluc. The ratio of Fluc to Rluc reading in each group was divided by the ratio of promoterless positive control luciferase to determine the fold change.
Western Blot
Whole-cell protein extracts of CECs with or without E3330 treatment were separated by 10% SDS-PAGE electrophoresis, and transferred to a nitrocellulose membrane. Blots were probed with different primary antibodies, including anti-APE1/ Ref-1 (Cell Signaling, Danvers, MA, USA), anti-NF-jB p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and antipSTAT3 (Cell Signaling). Blots were then incubated with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 1 hour and visualized by an enhanced chemiluminescence solution (Thermo Scientific, Rockford, IL, USA). Membranes were stripped and reprobed with b-actin antibody (Abcam, Cambridge, MA, USA) as a loading control. Quantitative analysis of all blots was performed using densitometry software (Image Lab; Bio-Rad, Hercules, CA, USA).
ELISA Assay
The protein concentration of MCP-1 in the conditioned media of CECs was determined using an ELISA kit (R&D Systems, Minneapolis, MN, USA) following the manufacturer's instructions.
Animals
All animals used in this study were conducted and treated strictly in accordance with an animal protocol reviewed and approved by Henry Ford Institutional Animal Care and Use Committee, and in adherence to the ARVO Statement for the Use of Animals in Ophthalmologic and Vision Research. Male wild-type C57BL/6 mice of 6 to 8 weeks were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA), and housed on a 12-hour light-dark cycle with free access to food and water. For all experimental procedures, mice were anesthetized by 50 mg/kg ketamine HCl and 10 mg/kg xylazine, and pupils were dilated with topical 1% tropicamide and 2.5% phenylephrine.
Laser Photocoagulation, E3330 Intravitreal Injection, and Quantification of CNV Lesions
Laser photocoagulation (532-nm wavelength, 100-mW power, 50-lm spot size, and 0.1-second duration) was performed bilaterally in each mouse. A series of four laser spots were concentrically placed at approximately 3, 6, 9, and 12-o'clock positions and 75 to 100 lm around the optic disk in each eye. All laser burns had the appearance of a cavitation bubble. Right after laser photocoagulation, each animal received a single intravitreal injection of 1 lL E3330 in one eye and the same volume of balanced saline solution (BSS) as a vehicle control in the fellow eye. Target concentration of E3330 in retinochoroid tissue was approximately 20 lM. Two weeks after laser photocoagulation, mice were killed and the eyes were processed for fluorescent-labeled isolectin stain of CNV lesions according to previous reports. 13, 38 Briefly, after fixation with 4% paraformaldehyde and incubation with a blocking solution containing 3% normal donkey serum and 0.2% Triton x-100 in PBS, the eyecups were stained with 1:100 diluted isolectin in the blocking buffer at 48C overnight. With four to approximately six relaxing radial cuts, RPE-choroid-sclera complex was flattened and mounted with the RPE side upward. The area of CNV lesion in each sample was measured using imaging software (SPOT Advanced; Diagnostic Instruments, Inc., Sterling Heights, MI, USA).
In Vivo TUNEL Assay
After intravitreal administration of 10 to 100 lM E3330 for 24 hours, eyeballs of adult wild-type C57BL/6 mice were harvested and fixed. The eyecups, including retina-choroidal tissue, were embedded within optimal cutting temperature compound and frozen to cut slices. Apoptotic cells in the retina-choroidal tissue were detected using an in situ cell death detection kit (Roche, Indianapolis, IN, USA) and counted in 10 random views at 320 magnification under fluorescence microscope. Slices were also counterstained with DAPI.
Statistics
All data were presented as a percentage of the control group and calculated for mean 6 SD. Differences were assessed by ANOVA or Student's t-test using IBM SPSS Statistics 19 (Armonk, New York, NY, USA). A value of P less than 0.05 is considered statistically significant.
RESULTS
APE1 Expression in Retinal and Choroidal Cells
We and others have previously reported APE1 expression in mouse RVECs 13 and in developing rat retina. 39 To verify the presence of APE1 in retinochoroidal tissue in primates and humans, we examined APE1 protein level in several commonly used cell lines originally isolated from retina of human and nonhuman primates. We found highly abundant APE1 in all three cell lines, including CECs, ARPE19, and human RVECs (hRVECs) (Fig. 1) , indicating potential roles of APE1 in choroidal vascular pathologies.
APE1 Redox Inhibition Suppresses CEC Angiogenesis In Vitro
A series of in vitro assays were conducted to determine the effects of APE1 redox activity on specific angiogenic functions of CECs, including proliferation, migration, and tube formation. Choroidal endothelial cell proliferation was significantly suppressed by 50, 75, and 100 lM E3330 in a dose-dependent manner ( Fig. 2A ; P < 0.05), and reduced to 86.39%, 54.22%, and 5.36% of the control level, respectively. For CEC migration, a notable inhibitory effect of E3330 started from the dose of 25 lM, which depressed the number of migrated cells to 66.87% of the control group ( Fig. 2B ; P < 0.05). Choroidal endothelial cell migration plunged to 25.77%, 19.02%, and 12.27% of the control group when treated with 50, 75, and 100 lM E3330, respectively. The tube formation function of CECs also was suppressed dose-dependently by administration of 50, 75, and 100 lM E3330 ( Fig. 2C ; P < 0.05), with the total tube length decreased to 46.32%, 35.12%, and 12.79% of the control group, respectively.
In addition to an overall dose-dependent inhibitory effect of E3330 on CEC angiogenesis, it was noted that CEC migration was more susceptible to E3330 than the cell proliferation or tube formation (Figs. 2A-C) . At the dose of 25 lM, E3330 had no evident effect on CEC proliferation ( Fig. 2A) or tube formation (Fig. 2C ), but significantly decreased CEC migration ( Fig. 2B ; P < 0.05). The decline range of CEC migration also was more prominent than that of proliferation and tube formation when 50 and 75 lM E3330 was administrated. In other words, E3330 has differentiated inhibitory effects regarding specific angiogenic functions of CECs with a preference for CEC migration. TUNEL assay revealed that 0 to 100 lM E3330 did not induce CEC apoptosis comparing to the negative control ( Fig. 2D ; P > 0.10), indicating a sublethal dose range of E3330 for CECs.
APE1 Redox Inhibition Reduces Transcriptional
Activity of NF-jB and STAT3, and Production of MCP-1
Dual-luciferase reporter gene assay revealed an evident decline of NF-jB and STAT3-mediated DNA binding induced by E3330 at low doses (10-20 lM). Of the two transcription factors, STAT3 appears to be more susceptible to APE1 redox inhibition than NF-jB does, because 10 lM E3330 depressed STAT3 activity to 70.27% of the control group ( Fig. 3A ; P < 0.01) while having no significant effect on NF-jB activity (Fig.  3A) . A dose of 20 lM E3330 reduced the transcription activity of NF-jB and STAT3 to 39.92% and 27.92% of the control group, respectively ( Fig. 3A; P < 0.001) . In addition, the production of a key downstream effector of NF-jB and STAT3, MCP-1, was also significantly reduced by 10, 20, and 50 lM E3330 in a dose-dependent manner ( Fig. 3B ; P < 0.001).
Western blot analyses showed E3330 at 10 to 20 lM had minimal effects on the protein level of phosphorylated NF-jB (p65) and STAT3 (pSTAT3) (Figs. 3C, 3D ). Significant decrease of p65 was observed by E3330 only at doses greater than 80 lM ( Fig. 3C ; P < 0.05). No significant change of pSTAT3 was induced by up to 80 lM E3330 ( Fig. 3D ; P > 0.05). These results are consistent with the previous established mechanism that APE1 redox function regulates transcription activities by interfering with DNA-binding activities of transcription factors rather than affects the expression of specific transcription factors, especially at a low-dose range.
APE1 Redox Inhibition Is Comparable and Additive With the Antiangiogenic Effect of Bevacizumab
According to the data shown, a dose range of 0 to 50 lM E3330 was adapted to test if E3330 cotreatment with bevacizumab, a widely used VEGF-A antagonist in the treatment of AMD, results in promoted antiangiogenic effects compared with the exclusive use of either drug. We discovered an additive interaction between E3330 and bevacizumab regarding inhibition of CEC proliferation, migration, and tube formation. A decline of 22.87% in CEC proliferation was caused by 25 lM E3330 cotreatment with 500 lg/mL bevacizumab, whereas the reduction caused by 25 lM E3330 and 500 lg/mL bevacizumab, respectively, was 7.15% and 14.55%. Administration of 50 lM E3330 and 500 lg/mL bevacizumab led to comparable (13.61% and 14.55% reduction by the exclusive use of the two drugs, respectively) and significantly additive (33.24% by cotreatment of the two drugs) ( Fig. 4A ; P < 0.05 compared with the exclusive treatment of either compound at corresponding dose) antiproliferation effect. The additive effect of E3330 and bevacizumab in CEC migration inhibition was dramatic. Treatment with 500 lg/mL bevacizumab suppressed CEC migration by 26.38%, cotreatment with 25 and 50 lM E3330 reduced CEC migration by 82.21% ( Fig. 4B ; P < 0.05 compared with the exclusive treatment of either compound at corresponding dose) and 90.18% ( Fig. 4B ; P < 0.05 compared with the exclusive treatment of 500 lg/mL bevacizumab), respectively. For CEC tube formation, a decline of 19.52% in the total tube length was induced by 500 lg/mL bevacizumab. This extent of decline reached 56.63% and 69.72%, respectively, when 25 and 50 lM E3330 was added (Figs. 4C, 4D; both P < 0.05 compared with the exclusive treatment of either compound at corresponding dose).
Intravitreal E3330 Suppresses Experimental CNV Lesion Without Causing Tissue Toxicity
A classic model of wet AMD, laser-induced CNV, was applied to determine whether in vitro antiangiogenic effects of E3330 also presents in vivo. A single intravitreal injection of 1 lL E3330 at 200 lM, which is approximately equal to a final concentration of 20 lM intravitreally, remarkably inhibited CNV development caused by laser photocoagulation in mouse eyes (Figs. 5A-D) . Fluorescein angiography revealed E3330 markedly reduced CNV leakage compared with vehicle control (Figs. 5A, 5B ). The size of CNV lesion was also much smaller in the E3330-treated group than that in the vehicle controltreated group (Figs. 5C, 5D ). The mean value of CNV size was significantly reduced (9779.29 lm 2 ) to nearly half of the value in the vehicle control-treated group (17,429.98 lm 2 ) ( Fig. 5E ; n ¼ 14; P < 0.01) by E3330. Furthermore, we calculated the percentage of large (>10,000 lm 2 ), medium (5000-10,000 lm 2 ), and small (<5000 lm 2 ) CNV area according to the size of CNV. As shown in the Table, whereas most (63%) CNV lesions in vehicle control-treated eyes was more than 10,000 lm 2 in the large group, the number of CNV lesions in the same category in the E3330-treated group was much less (41%). This reduction of more than 20% in the large-sized group was shifted into the small-sized category of less than 5000 lm 2 . These data indicate that APE1 redox inhibition by E3330 significantly attenuates the growth of CNV lesion.
For evaluation of potential retinal toxicity, intravitreal concentration of 0 to 100 lM E3330 was achieved and retinal sections were examined for apoptotic cell death 3 days later. TUNEL stain revealed that intravitreal doses of 10, 20, and 30 lM E3330 did not induce notable cell apoptosis compared with vehicle control. The stain of retinal cell apoptosis was significantly increased only when the intravitreal dose of E3330 reached 100 lM ( Fig. 6 ; P < 0.05).
DISCUSSION
Clinical treatment of CNV remains a challenge despite the most current application of anti-VEGF agents. [3] [4] [5] 40, 41 One major reason is that targeting one single angiogenic molecule in a complex multifactorial pathogenic process may not be sufficient to halt CNV progression in all circumstances. 42 With our growing understanding of cellular and molecular events involved in CNV development, 7, 43, 44 the redox activity of APE1 has emerged as an appealing therapeutic target due to its regulation of transcription factors.
APE1 reduces the redox-sensitive cysteine residues of various transcription factors, facilitates their DNA-binding and transcriptional activities, and thereby controls multiple cell functions, including proliferation, migration, and stress responses. 16, 17, 19, 21 A number of transcription factors are directly regulated by APE1 redox function, including NF-jB, 23, [25] [26] [27] HIF-1a, 15, 17, 27, 28 AP-1, 45 and p53. 27, 29 As these transcription factors participate in multiple aspects of endothelial cell behavior, APE1 redox function exerts its biological effects on endothelial activation and angiogenesis. In fact, the redox activity of APE1 was found required for RVEC proliferation and tube formation in vitro, 13, 17 as well as for retinal neovascularization in vldlr-/-mutant mouse. 13, 35 This current study demonstrated that an APE1 redox inhibitor, E3330, significantly inhibited CEC proliferation, migration, and capillary tube formation at a wide and safe dose range (25-100 lM), without causing cell apoptosis. The effects of E3330 in suppressing CEC activation and angiogenesis also could be interpreted as an ability in maintaining a mature or differentiated state of CECs, which allows the cell to perform physiological functions, such as transendothelial exchange and vascular permeability control. 46 This notion is supported by previous reports that APE1 redox function participates in development of CD31(þ) endothelial cells, 15 differentiation of hemangioblasts, 32 and endothelial functions, including nitric oxide production and vascular tone modulation. 47 When this evidence is taken into account, APE1 redox activity is supposed to have a profound impact in regulating endothelial gene expression rather than merely modulating angiogenesis, which merits further investigation.
We previously reported a synergistic effect between E3330 and bevacizumab in inhibiting human endothelial colonyforming cell angiogenesis, 13 here a significant additive action between these two compounds also was observed in suppressing CEC proliferation, migration, and tube formation. As is known, E3330 and bevacizumab have different targets in endothelial cells. The E3330 affects a range of transcription factors, such as NF-jB 15, 17, 27 and HIF-1a, 15 ,17,27,28 through specific inhibition of APE1 redox function. Bevacizumab is a humanized anti-VEGF-A antibody. The E3330 coadministration with bevacizumab compromises more than just VEGF signaling, and thereby produces a more prominent antiangiogenesis effect than the exclusive application of either compound. These findings implied the possibility of using supplementary APE1 redox inhibitor for improvement of the current regiment of anti-VEGF treatment for CNV, including enhancement of effectiveness and reduction of readministration frequency. The impacts of E3330 on NF-jB and STAT3 were investigated due to their major roles in chronic inflammation in angiogenesis. [48] [49] [50] At low doses (10-20 lM), E3330 significantly reduced the DNA-binding activity of NF-jB and STAT3, without affecting phosphorylated NF-jB and STAT3 level. These results agree well with previous reports in Jurkat cells, 26 cancer cells, 51 and RPEs. 27 The DNA binding mediated by NF-jB and STAT3 is highly redox-sensitive, as evidenced by the fact that oxidation or chemical modification of conserved redox-reactive cysteine(s) within their DNA binding domain eliminated their DNA binding activities. [52] [53] [54] On the contrary, reduction of disulfide bond involving the conserved cysteine residue in NF-jB stimulated its DNA binding. 53 It is believed that APE1 regulates transcriptional activities through maintaining a reduced state of certain conserved cysteine residues. 14 Thereby, we speculatively attribute the analogous inhibition of NF-jB and STAT3 by E3330 to the block of disulfide bond reduction mediated by specific cysteine residues. Monocyte chemoattractant protein-1 is regulated by NF-jB and STAT3, 50, 55 and dominates attraction of monocytes to promote chronic inflammation during CNV initiation and progres-FIGURE 4. The additive interaction between E3330 and 500 lg/mL bevacizumab on CEC proliferation, migration, and tube formation. (A) The MTS assay showed that cotreatment with 0, 25, and 50 lM E3330 plus 500 lg/mL bevacizumab significantly reduced CEC viability compared with the exclusive treatment of E3330 at corresponding doses. Cotreatment of 50 lM E3330 and 500 lg/mL bevacizumab significantly reduced CEC proliferation compared with the use of either drug alone at corresponding dose. (B) The Transwell assay indicated 25 lM E3330 cotreatment with 500 lg/mL bevacizumab remarkably reduced CEC migration compared with the exclusive application of either drug. Coadministration of 50 lM E3330 significantly enhanced the suppressive effect of 500 lg/mL bevacizumab on CEC migration. (C, D) Representative images (C) and quantitative analysis (D) of matrigel tube formation assay revealed an additive effect between E3330 at 25, 50, and 75 lM and bevacizumab at 500 lg/mL, by which CEC tube formation was significantly reduced compared with the exclusive use of either drug. Scale bar: 100 lm. All the data points were normalized to the vehicle control. Two-way ANOVA showed P less than 0.01 between the combined treatment and mono-treatment in all above experiments. Bars represent mean 6 SEM of three independent experiments. *P < 0.05 compared with the exclusive use of E3330 at corresponding dose; #P < 0.05 compared with the exclusive use of 500 lg/mL bevacizumab. sion. [56] [57] [58] Here we found a significant drop in MCP-1 level following the inhibition of NF-jB and STAT3 activities by E3330. In light of existing data suggesting MCP-1 as a potential target for CNV treatment in addition to VEGF, 59 ,60 reduction of MCP-1 by E3330 may represent an important mechanism of its antiangiogenesis activity.
In vivo study confirmed the therapeutic potency of E3330 for CNV treatment in a laser-induced CNV model. However, it is noteworthy that laser-induced CNV is basically a woundhealing response in which inflammation is a major pathological component. Our findings that E3330 significantly reduced CNV lesion size in this model again suggested an anti-inflammatory role of E3330. In conclusion, the therapeutic potential of targeting APE1 redox function for CNV treatment is considerable and merits further investigation. Suppression of CEC proliferation, migration, and tube formation represents important cellular basis of E3330-mediated antiangiogenesis. Inhibition of NF-jB and STAT3 activity, as well as MCP-1 production, revealed a critical role of E3330 in resolution of inflammatory response in neovascularization. The comparable and additive effects with the VEGF antagonist bevacizumab indicated E3330 could serve as an alternative or complementary medication to achieve better visual prognosis and fewer side effects. In vivo experiments validated the effectiveness of E3330 for CNV treatment. These data corroborate our previous findings in RVECs and RPEs, together they provided solid proof that E3330 attenuates multiple aspects of retinochoroidal angiogenesis and inflammation through transcriptional regulation. Although many questions remain open, the potential of APE1 redox function as a novel target for CNV treatment should be considered. Representative images of isolectin stain of RPE-choroid-sclera whole mount that performed 2 weeks after laser. The area of CNV lesion in E3330-treated eyes (D) was smaller than that of the BSS-treated eye (C). Scale bar: 100 lm. (E) Quantitative measurement of CNV area showed that the mean value of the CNV area treated by E3330 was significantly lower than that by vehicle control (n ¼ 14, P ¼ 0.007129). The isolectin-stained CNV lesion was quantified by three grades: large (>10000 lm 2 ), medium (5000-10000 lm 2 ), and small (<5000 lm 2 ). The size range was chosen arbitrarily; 56 lesions of 14 choroidal samples were graded for each treatment group. The percent incidence of each category revealed that large-sized CNV proportion was significantly lower in the E3330-treated group than that in the BSStreated group. Normal eyes of young adult wild-type C57BL/6 mice received intravitreal injection of various doses of E3330. Statistical analysis of the TUNEL stain revealed that the equivalent intravitreal concentration of 10, 20, or 30 lM E3330 did not elicit apoptosis in mouse retina, whereas 100 lM E3330 induced significant retinal neuron cell apoptosis. Bars represent mean 6 SEM of three independent experiments. *P < 0.05 compared with the vehicle control group.
